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Netherlands; and 3DSM Research, Materials Science Centre, Geleen, the NetherlandsABSTRACT Blood clot formation is crucial to maintain normal physiological conditions but at the same time involved in many
diseases. The mechanical properties of the blood clot are important for its functioning but complicated due to the many
processes involved. The main structural component of the blood clot is fibrin, a fibrous network that forms within the blood
clot, thereby increasing its mechanical rigidity. A constitutive model for the maturing fibrin network is developed that captures the
evolving mechanical properties. The model describes the fibrin network as a network of fibers that become thicker in time. Model
parameters are related to the structural properties of the network, being the fiber length, bending stiffness, and mass-length
ratio. Results are compared with rheometry experiments in which the network maturation is followed in time for various loading
frequencies and fibrinogen concentrations. Three parameters are used to capture the mechanical behavior including the mass-
length ratio. This parameter agrees with values determined using turbidimetry experiments and is subsequently used to derive
the number of protofibrils and fiber radius. The strength of the model is that it describes the mechanical properties of the maturing
fibrin network based on it structural quantities. At the same time the model is relatively simple, which makes it suitable for
advanced numerical simulations of blood clot formation during flow in blood vessels.INTRODUCTIONBlood clot formation serves to prevent blood loss in case of
a vascular injury and is hereby crucial to maintain normal
physiological conditions. A blood clot often forms intravas-
cularly, for instance after rupturing of an atherosclerotic pla-
que, which can have serious consequences and may lead to
myocardial infarction and stroke (1,2). In all these pathol-
ogies, the mechanical properties of the blood clot play an
essential role. Therefore, studying the mechanics of blood
clot formation is of major importance to understand the
process and helps in the diagnosis and treatment of related
diseases.
Although important for the functioning of the blood
clot, its evolving mechanical properties in relation to the
structural composition are still poorly understood (3). The
multiple components and the complex physiological cir-
cumstances influence the structure of the blood clot during
its development and therefore its mechanical properties.
This is already apparent from the fact that blood clots
formed in arteries have a different composition than those
that form in veins, where flow conditions are different (2).
This shows the relevance of studying the temporal evolution
of the mechanical properties of blood clots in relation to its
structural composition. To study these mechanical proper-
ties, appropriate experimental methods are required and
the results should be captured by constitutive laws that
describe the mechanical behavior. The constitutive modelSubmitted January 27, 2014, and accepted for publication May 30, 2014.
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0006-3495/14/07/0504/10 $2.00should capture the necessary physics and physiology, and
also be able to simulate both normal and pathophysiological
conditions.
Computational modeling helps in understanding the me-
chanics of blood clot formation and its role in physiological
circumstances (4,5). These simulations are complicated due
to the complexity of the flow and the interaction between
fluids and solids (6). Nevertheless, the model should take
into account the structural composition of the developing
blood clot. The goal of this study is to develop a constitutive
model that will describe the evolution of the mechanical
properties of the blood clot based on the structural pro-
perties of its components. Because of its pivotal role in
blood clot mechanics, we focus solely on the fibrin network
(3,7–10).
The fibrin network is the main structural component of
the blood clot and stabilizes the platelet plug that forms
upon a vascular injury (3,7–10). The formation of the
network occurs in a sequence of steps, starting with the con-
version of fibrinogen to fibrin, enzymatically catalyzed by
thrombin (11,12). The fibrin monomers subsequently poly-
merize to form protofibrils. These two-stranded, half-stag-
gered structures aggregate to form fibers when they have
reached a sufficient length. The protofibrils within a fiber
are loosely connected and a fibrin fiber contains as much
as 80% of solvent (13–15).
Experiments using a combination of light scattering,mi-
croscopy, and turbidimetry have indicated that two phases
can be distinguished during the network formation (16,17).
In a first phase, the fibers grow mainly in the longitudinalhttp://dx.doi.org/10.1016/j.bpj.2014.05.035
Model for a Maturing Fibrin Network 505direction and form branch points leading to a network of thin
fibers. In a second phase, the fibers become thicker by the
addition of protofibrils in the radial direction, which we refer
to as maturation of the network. This simplified view of the
network formation is shown in Fig. 1 A. The majority of the
change in mechanical properties takes place in the maturing
phase due to the radial growth of the fibers (16). Further-
more, this phase lasts longer and is of more importance for
the physiological application of the model, which has a
typical timescale of 1 h. We therefore focus on the maturing
of the fibrin network rather than its formation.
The formation of the fibrin network is not modeled as
such. Instead, the thickening of the fibers is described
from the moment the network is present. More elaborate
models of network formation have been developed before,
with various degrees of complexity. Weisel and Nagaswami
(18) modeled the separate steps during fiber assembly, while
the model of Fogelson and Keener (19) focuses on the
branching of fibers during the network formation. Riha
et al. (20) used a structure parameter to describe the forma-
tion of the fibrin network while Moiseyev et al. (21) used a
statistical representation. In this study, a first-order equation
is used to describe the maturation of the fibrin network. The
reason to keep the model as simple as possible while stillA
B
FIGURE 1 Simplified representation of the fibrin network formation and
how it is modeled. (A) The network formation occurs in two steps: In a first
phase, fibers grow in the longitudinal direction and branch, forming a
network of thin fibers. In a second phase, the fibers grow mainly in the
radial direction. The distance between fibers is referred to as the mesh-
size x, which is assumed approximately equal to the fiber contour length
between branchpoints, lc. (B) An overview of the constitutive model. The
solvent, a buffer solution, is modeled as a Newtonian fluid with viscosity hf,
represented by a dashpot. To describe the viscoelastic behavior of the
maturing fibrin network in time, the network is modeled with a Kelvin-
Voigt model, represented by a spring with modulus Gs parallel to a dashpot
with viscosity hs, which are both a function of the fibrin concentration cfn.
The model developed in this study describes the second phase, the network
maturation. To see this figure in color, go online.capturing the main important phenomena, i.e., the timescale
of network maturation, lies in the application: the num-
erical simulation of blood clot formation in realistic tran-
sient blood flow.
The mechanical properties of fibrin have been studied
extensively using experiments (16,22–25) and models
(26–28). These models describe the matured fibrin network,
as opposed to the model presented here that describes the
evolution of the mechanical properties. Fibrin is a visco-
elastic material, having both an elastic and viscous response
when deformed (16,22–25). During the fibrin network for-
mation a transition from viscoelastic fluid to viscoelastic
solid takes place, indicated by the gel point (29). Because
the model describes the maturing of an already existing
network, it describes the mechanical properties of the fibrin
network after the gel point. The maturing fibrin network is
described with a Kelvin-Voigt model, which is a rather gen-
eral description of a viscoelastic material.
The model parameters, the shear modulus, and the rel-
axation time are related to structural properties of the fibrin
network during its maturation being the fiber length, mass-
length ratio, and bending stiffness. This forms the relation
between microscopic quantities that relate to the structure
of the network and the macroscopic mechanical properties
that are measured in rheometry experiments. In these exper-
iments, fibrin networks are not formed in whole blood but in
a well-controlled model fluid containing fibrinogen and
thrombin. By imposing a sufficiently small oscillatory shear
deformation during the network formation, the linear vi-
scoelastic response of the fibrin network is probed. The
response of the network is expressed in terms of the fre-
quency-dependent elastic and viscous modulus. Values of
both moduli are used to compare the model predictions
with rheometry experiments in which the maturation of
the fibrin network is followed in time.
In the next section, the constitutive law is introduced and
the relation to the structural properties of the network is
made. The experiments used to verify the model are expla-
ined next, followed by the results.MATERIALS AND METHODS
Model development
To develop a constitutive model for the fibrin network, its formation process
is depicted in a simplified way. As outlined in the Introduction, two phases
can be distinguished in formation of the fibrin network (16,17). Although
the structure of the fibrin network is determined in both phases, its mec-
hanical properties change mostly due to the radial growth of the fibers
that occurs in the second phase (16). This phase lasts longer and extends
well after the gel point, and is considered the most important phase for
the model developed here. The fibrin network is therefore modeled as a
maturing network in which the fibers grow in radial direction, as shown
in Fig. 1 A. This assumption is a simplification because it implies that all
fibers have a constant length and no new meshes can be formed within
the network. The maturing fibrin network is modeled as a viscoelastic solid
and hence referred to as the ‘‘solid phase’’. This network is dissolved in aBiophysical Journal 107(2) 504–513
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maturation, the mechanical properties of the solid phase will change.
This mechanical evolution is described using the kinetics of the network
maturation. Hence, the formation of the fibrin network is not modeled as
such, but the maturation of an already existing network is modeled.
The total stress t in the material is given by the sum of the contribution
from both the fluid and solid phases,
t ¼ tf þ ts; (1)
with tf and ts as the contributions from the fluid and solid phases,
respectively.
The fluid phase is a buffer solution which is modeled as a Newtonian
fluid with a constant viscosity hf ¼ 1 mPa , s (Fig. 1 B) such that the stress
in the fluid phase is given by
tf ¼ 2 hf D; (2)
with D as the rate-of-deformation tensor.The solid phase, being the fibrin network, is modeled as a viscoelastic
solid using the Kelvin-Voigt model. This model is schematically repre-
sented by an elastic spring parallel to a viscous dashpot. Because the total
stress is the sum of the fluid and solid phases, the solid phase is placed in
parallel to the fluid phase (see Fig. 1 B). The elastic part of the Kelvin-Voigt
model is described with a shear modulus Gs, and the viscous part is repre-
sented by a viscosity hs. The extra stress is given by
ts ¼ Gs Bþ 2 hs D; (3)
with B as the Finger deformation tensor. Using both parameters of the
Kelvin-Voigt model, a relaxation time can be defined asl ¼ hs=Gs:
The modulus
Gs ¼ Gs

cfnðtÞ

and the relaxation timels ¼ ls

cfnðtÞ

;
in a later stage, are related to structural properties of the fibrin network, and
therefore constitute a function of the time-dependent fibrin concentrationcfn(t).
The contribution of the solid stress to the total stress increases as the
fibrin network matures in time. This change is incorporated in the model
by relating the parameters in the Kelvin-Voigt model to the fibrin concen-
tration in the network. Hence, the mechanical properties of the network dur-
ing its development are related to the temporal fibrin concentration, cfn. The
conversion from fibrinogen to fibrin and the subsequent polymerization into
fibrin fibers occurs in multiple steps as outlined in the Introduction, but is
modeled relatively simply using first-order kinetics. The conversion from
fibrinogen to fibrin being involved in a fiber is modeled in a single step,
governed by a kinetic rate constant kfg,
v cfg
v t
¼ kfg cfg; (4)
where cfg is the fibrinogen concentration in mg/mL and t denotes time in
seconds. The kinetic rate constant k is used as a free parameter to fit thefg
model to experimental results. Equation 4 is subject to the initial condition
cfgðt ¼ 0Þ ¼ cfg;0Biophysical Journal 107(2) 504–513with cfg,0 the initial fibrinogen concentration used in the experiments. The
fibrin concentration is given by
cfn ¼ cfg;0  cfg; (5)
which illustrates the balance between fibrinogen and fibrin. It is important
to note that the fibrin concentration c refers to the amount of fibrin that isfn
involved in the network per unit volume. The fibrin concentration cfn is used
to determine the mechanical properties of the network by relating it to the
fiber size.
When the fibrin concentration increases, the fibers can grow in the radial
direction but not in the longitudinal direction. Therefore, the fibrin concen-
tration can be related to the radial size of the fibers while the fiber contour
length between branchpoints, lc, is a constant during the network matura-
tion. It is assumed that this length scale lc is close to the mesh-size x, which
represents the distance between fibers within the network (Fig. 1 A). The
network contains order-one mesh lengths x per volume x3, so the fiber
length per unit volume is given by r ¼ 1/x2. Because it is assumed that
the fiber contour length lc is constant and equal to the typical mesh-size x
(25,26,30), the fiber length per unit volume r is also constant during the
network maturation, r ¼ 1/lc2. Using r and the fibrin concentration cfn,
the time-dependent mass-length ratio of a fiber mf can be determined (31) as
mf ¼
cfn
r
: (6)
Because the fibrin concentration changes in time, and the fiber length per
unit volume is a constant, Eq. 6 gives the mass-length ratio of a fiber intime. A value for r is found using the fibrin concentration and the fiber
mass-length ratio of the matured network, cfn,f and mf,f, respectively.
When the network maturation is finished, it is assumed that all initially
available fibrinogen is involved in the network such that the fibrin concen-
tration equals the initial fibrinogen concentration, cfn,f ¼ cfg,0. Note that the
above implies that the value for r depends on the initial fibrinogen concen-
tration but is constant during the network maturation. The mass-length ratio
for the final fibers, mf,f, is used as a fitting parameter and is also determined
experimentally using turbidimetry. Furthermore, it is used to derive the
radius r of the fibers, a quantity that is also determined from the turbidim-
etry experiments.
The mass-length ratio of the fibers can be used to calculate the number of
protofibrils in a fiber cross-section, N. Using the mass-length ratio of both a
fiber and a protofibril, N is given by
N ¼ mf
mp
; (7)
withmp themass-length ratio of a protofibril that is knownbecause eachfibrin
monomer has amass of 340 kDa and contributes 22.5 nm to the total length ofthe protofibril (32). Combining Eqs. 6 and 7 relates the time-dependent fibrin
concentration cfn(t) to the number of protofibrils per fiber cross-section,
NðtÞ ¼ cfnðtÞ
rmp
: (8)
Equation 8 gives a value for the number protofibrils in time, based on the
fibrin concentration. Both the elastic modulus G and the relaxation times
ls of the Kelvin-Voigt model are related to N.
The shear modulus Gs is estimated using a theoretical model of semif-
lexible polymer networks (30,33). This model predicts the frequency dep-
endency of the shear modulus for a semiflexible polymer network, a
network for which the persistence length lp is of comparable size to lc,
such as in fibrin (25,26). The shear modulus of the network is estimated
based on the entropic deformation of the individual fibers. For low deforma-
tion frequencies, the model predicts a vanishing viscous contribution and
a plateau for the elastic modulus. The estimate of this plateau value is
used as the shear modulus in the Kelvin-Voigt model,
sθ
FIGURE 2 Hydrodynamic beam mechanics. To estimate the relaxation
time, a fiber is modeled as a homogeneous elastic beam surrounded by fluid.
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6 kBT r l
2
p
l3c
; (9)
with kB as the Boltzmann constant and T as the absolute temperature. The
contour length can be rewritten using the fiber length per unit volume,
lc ¼ 1
 ﬃﬃﬃ
r
p
:
The persistence length is related to the bending stiffness of a fiber,The path that the beam follows is specified by a tangent angle q along the
arc length s. When the beam returns to the relaxed state, it has a transversal
velocity v that is related to the hydrodynamic drag it experiences. To seekb; f ¼ lpkBT;
such that Eq. 9 can be written asthis figure in color, go online.Gs ¼
6k2b; f p
5=2
kBT
: (10)
Equation 10 gives a value for the shear modulus in the Kelvin-Voigt model
in terms of the fiber length per unit volume r and the bending stiffness of afiber kb,f.
To relate the estimate for the shear modulus Gs to the fibrin concentra-
tion, the bending stiffness of the fibrin fibers, kb,f, is related to the number
of protofibrils per fiber cross-section, N, that is known from Eq. 8. Relations
for the bending stiffness of a bundle that consists of N cross-linked
filaments per fiber cross-section have been derived before (34). The depen-
dency on N is governed by a competition between resistance of the cross-
links and the filaments to shear and resistance of the individual filaments
to bend. If the cross-links do not resist shear, i.e., the filaments are loosely
coupled, each filament bends independently and the stiffness of the bundle
is proportional to N. On the other hand, if the filaments are tightly coupled,
the filaments all bend simultaneously and are stretched or compressed when
they are not on the central axis of the bundle. This leads to a bending stiff-
ness of the bundle that is proportional to N2, similar to the homogeneous
beam limit. Between these two limits, there is a transition regime from N
to N2 dependency.
The above is applied to fibrin fibers, which are open structures that
contain 80% of solvent (13–15), suggesting that the loosely coupled limit
is applicable. Hence, the bending stiffness of a fiber is written as
kb; f ¼ N kb; p; (11)
where kb,p is the bending stiffness of a protofibril that has a value of
2  1027 Nm2 (26). Combining this with Eq. 10 gives an expression for
the shear modulus in time,
GsðtÞ ¼ N2ðtÞ
6k2b; pr
5=2
kBT
: (12)
A value for N is found using Eq. 8 such that the shear modulus is related to
the fibrin concentration and changes in time.The viscosity in the Kelvin-Voigt model is similarly related to the fibrin
concentration, but rather than estimating the viscosity hs, the relaxation
time ls ¼ hs/Gs is estimated and related to structural properties of the fibrin
network. The relaxation time is related to the fibrin concentration using the
number of protofibrils in a fiber cross-section, N. To estimate the relaxation
time ls, the timescale of the movement of the fibers within the network is
used. A fiber will bent under an imposed deformation and return to the
relaxed state when the force vanishes. The timescale involved in this relax-
ation process governs the viscous properties of the network and is therefore
used as the relaxation time ls in the Kelvin-Voigt model (33).
To estimate the relaxation time, the fiber is modeled as a homogeneous
beam with length lc. The path that the beam follows is specified by a tangent
angle q(s) at an arc length s along the fiber (Fig. 2). The curvature of the
beam is given by vq/vs and is related to the bending moment M(s) by the
beam equation (35)kb; f
vq
vs
¼ MðsÞ: (13)
If no external force is applied, the beam will return to the relaxed state and
experience a drag force due to the movement with respect to surrounding
fluid. The bending moment can then be written in terms of a transverse
drag coefficient z and the transversal velocity of the beam, leading to a
fourth-order differential equation
kb; f
v4q
vs4
¼ z vq
vt
: (14)
The solution of this equation can be decomposed into Fourier modes, where
each mode decays exponentially in time with a time constant (35),ln ¼ z
kb; f

lc
pðnþ 1=2Þ
4
; (15)
with ln the time constant of the nth mode. Because the time constants scale
4with (n þ 1/2) , the first mode dominates the relaxation process and it is
this time constant that is used as the relaxation time in the Kelvin-Voigt
model,
ls ¼ 16
81
zl4c
p4kb;f
: (16)
The bending stiffness of the fibers kb,f is related to the number of protofibrils
using Eq. 11. Avalue for lc is found using the fiber length per unit volume r,
lc ¼ 1= ﬃﬃﬃrp , as used before. The transverse drag coefficient z is used as a free
parameter to fit experimental results. Combining the above, Eq. 16 is
rewritten to
lsðtÞ ¼ 16
81
z
NðtÞ p4 kb; p r2; (17)
which gives the relaxation time for the Kelvin-Voigt model in time.
The model contains three free parameters, kfg, mf,f, and z, which are used
to fit the model to the experimental results. The rate constant kfg influences
the kinetics of the fibrin network formation. A change in the final fiber
mass-length ratio mf,f results in a change in both the shear modulus Gs
and the relaxation time ls, whereas the drag coefficient z influences the
relaxation time only. All other parameters that occur in the model either
have a constant value as defined before, or can be calculated using the initial
fibrinogen concentration. An overview of the main quantities and their de-
pendencies is provided as Section S1 in the Supporting Material.Biophysical Journal 107(2) 504–513
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The constitutive law is validated against rheometry experiments, in which
the network maturation is followed in time.
Sample preparation
Fibrin network formation is initiated by adding human thrombin (Kordia,
Leiden, the Netherlands) at a final concentration of 0.5 U/mL to a buffer
solution (20 mM HEPES, pH 7.4, 5 mM CaCl2, 135 mM NaCl) containing
1–6 mg/mL human fibrinogen (Kordia). The fibrin networks are cross-
linked by factor XIII present in the fibrinogen stock, as shown by
the appearance of an and g-g bands after using reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Factor XIII is present under
normal physiological conditions and cross-links a- and g-chains within
the fibrin network over the timescale of hours (24). Networks ligated by fac-
tor XIII have an increased stiffness, while the viscous response is reduced as
compared to its unligated counterparts (7,24,36). In this study, only cross-
linked networks are considered.
Rheometry
In the rheometry experiments, an oscillatory shear deformation is used to
measure the viscoelastic properties of the maturing fibrin network. After
addition of thrombin, the sample is quickly transferred to the stainless-steel
parallel plate geometry (diameter 50 mm) of a stress-controlled rheometer
(MCR501; Anton Paar, Graz, Austria). A small oscillatory shear deforma-
tion with amplitude g0 ¼ 0.01 and frequency f ¼ 0.5–3 Hz is imposed for
1 h to follow network maturation, which is considered long enough for the
physiological application of the model. The oscillatory deformation is suf-
ficiently small to probe the linear viscoelastic regime such that the resulting
shear stress can be decomposed in an elastic modulus G0 and viscous
modulus G00 that describe the viscoelastic properties of the network. Both
moduli can be combined into a phase angle d¼ arctan(G00/G0) that describes
the phase shift between the imposed strain and the measured stress. The
imposed deformation does not influence the mechanical properties of the
fibrin network, as shown by control experiments in which networks are
formed at rest. The experiments are deliberately performed in the linear
viscoelastic regime such that nonlinear effects like protein unfolding and
intrinsic viscoelasticity of the fibers do not play a role (25,37). Rheometry
experiments are performed at 37C and evaporation of sample is minimized
using a solvent trap. Results show averages of three measurements.
The viscoelastic moduli are predicted by the model to be
G
0
m ¼ Gs; (18)
G
0 0 ¼ 2 p f h þ h  ¼ 2 p f h þ l G ; (19)m f s f s s
where the subscript m denotes model predictions. Note that the viscosity hs
is given by the product of the shear modulus and relaxation time, hs¼ Gsls.
The moduli predicted by the model are fitted to the moduli measured in the
experiments by adjusting the parameter values. Given a set of fitting par-
ameters, conveniently written as q ¼ {kfg, mf,f z}, the viscoelastic moduli
are determined by the model. The optimal fitting parameter values are those
that minimize the difference between the numerically and experimentally
determined moduli. These parameter values are found by minimizing the
objective function,
eðqÞ ¼
XI
i¼ 1

G
0
i;mðqÞ  G
0
i;e
	2
þ

G
0 0
i;mðqÞ  G
0 0
i;e
	2
; (20)
with I the number of experimentally measured points, denoted with
subscript e. Equation 20 is minimized using the trust-region reflective
algorithm as implemented with the Optimization Toolbox in the softwareBiophysical Journal 107(2) 504–513MATLAB (The MathWorks, Natick, MA). Multiple minimizations are per-
formed with initial values chosen randomly from a broad range to avoid a
local minimum of the objective function being found.
The three fitting parameters, kfg, mf,f, and z, can be dependent on the
initial fibrinogen concentration but should be independent of the frequency
because frequency response of the networks is intrinsically determined by
the constitutive law. To test this assumption, a parameter set is obtained for
each combination of initial fibrinogen concentration and frequency. If the
parameters change with frequency, this is an indication that the frequency
behavior predicted by the Kelvin-Voigt model is not correct. The mass-
length ratio of the fibers, mf,f, is measured directly using turbidimetry to
compare with the fitted values.
Turbidimetry
Turbidimetry can be used to determine the mass-length ratio and radius of
the fibers within the fibrin network (13,15). Samples are prepared as
described in the Sample Preparation section and allowed to polymerize
for 1 h at 37C in a disposable cuvette (Brand, Wertheim, Germany). The
samples are then transferred to a Cary 50 UV-Vis spectrophotometer (Var-
ian, Palo Alto, CA) and the turbidity t is measured at wavelengths l
between 500 and 700 nm. The turbidity and wavelength are related by (15)
t l5 ¼ A mf

l2  B r2; (21)
with A ¼ (88/15)p3 cfnns(dn/dcfn)2/Na, B ¼ (184/231)p3 ns2, and ns ¼ 1.33
as the refractive index of the solvent, (dn/dc ) ¼ 0.17594 cm3/g as thef,g
specific refractive index increment (15), and Na as Avogadro’s number.
By plotting tl5 vs. l2 a line is obtained. The mass-length ratio mf can be
determined from the slope of this line, while the fiber radius r is determined
separately from the interception with the y axes.RESULTS
Results of simulations with the constitutive model are
compared with rheometer experiments in which the network
maturation is followed in time. Parameter values for the
three free parameters in the model are found by fitting the
viscoelastic moduli predicted by the model to those meas-
ured in the experiments. The model is able to describe the
experimental results for networks formed from various
initial fibrinogen concentrations and frequencies. For the
networks formed at a frequency of 1 Hz, the evolution of
both viscoelastic moduli, the phase angle and the fibrin con-
centration, are shown in Fig. 3. Results for networks formed
at frequencies of 0.5 and 3 Hz show similar results and are
therefore not shown.
The viscoelastic moduli as measured in the experim-
ents (symbols) and calculated by the model (solid lines)
are in close agreement. The elastic modulus G0 increases
with initial fibrinogen concentration from 9 Pa at 1 mg/mL
to 1.1 kPa at 6 mg/mL (Fig. 3 A). The viscous modulus G00
increases from 0.5 to 10 Pa with increasing fibrinogen
concentration (Fig. 3 B). The values of G0 are 10–100 times
the values of G00, indicating that the fibrin networks behave
as an elastic material; this is also reflected in the beha-
vior of the phase angle d. The phase angle decreases within
10 min to values between 1 and 4 (Fig. 3 C) and increases
with initial fibrinogen concentration. The fibrin concentra-
tion cfn as predicted by the model increases to the maximal
A B
DC
FIGURE 3 Evolution of the viscoelastic proper-
ties of the fibrin network in time. Networks formed
at a frequency of 1 Hz with initial fibrinogen
concentrations of 1 mg/mL (squares), 3 mg/mL
(diamonds), and 6 mg/mL (triangles). The values
predicted by the model (solid lines) are in close
agreement with the experimental results (symbols).
(A) Elastic modulus G0. (B) Viscous modulus G00.
(C) Phase angle d. (Inset) Phase angle for the last
minutes of the experiment. (D) Fibrin concentra-
tion cfn (model predictions only). To see this figure
in color, go online.
A
B
FIGURE 4 Viscoelastic moduli predicted by the model after 1 h of
network maturation versus initial fibrinogen concentration. (A) Elastic
modulus G0 and (B) viscous modulus G00 both show power-law behavior
with respect to initial fibrinogen concentration cfg,0. Results are shown
for networks formed at frequencies of 0.5 Hz (squares), 1 Hz (diamonds),
and 3 Hz (triangles) with power-law fits (dashed lines). To see this figure in
color, go online.
Model for a Maturing Fibrin Network 509value, equal to the initial fibrinogen concentration, within
60 min (Fig. 3 D). This increase is faster for the networks
formed from 1 mg/mL fibrinogen.
The majority of the increase of the viscoelastic moduli
takes place in the beginning of the experiments, indicating
that the network maturation is almost finished after
60 min for all concentrations. When plotted against initial
fibrinogen concentration, the moduli predicted by the model
after 1 h of network maturation show a power-law depen-
dency (Fig. 4). Results are shown for networks formed at
frequencies of 0.5, 1, and 3 Hz and the error bars indicate
the standard deviation of three independent measurements.
The elastic modulus increases with an exponent of 2.6 5
0.3, whereas the viscous modulus increases with an expo-
nent of 1.7 5 0.2.
The values for the fitted model parameters are shown in
Fig. 5 as function of initial fibrinogen concentration for
various frequencies. Themean values for the kinetic constant
kfg vary between 1  103 and 6  103 s1 (Fig. 5 A). The
variation on this parameter is relatively small except for the
1 mg/mL data. The parameter that influences both the elastic
and viscousmodulus is the finalmass-length ratio of the fibrin
fibers, mf,f. This parameter varies between 2  1012 and
8  1012 Da/cm, and no trend is observable with respect to
frequency or fibrinogen concentration (Fig. 5B). Experimen-
tally determined values for mf,f are higher and vary between
4  1012 and 2  1013 Da/cm, with a decreasing trend
with respect to initial fibrinogen concentration. The third
model parameter that is used to fit the model is the drag coef-
ficient z (Fig. 5 C), which influences the viscous modulus.
The mean values vary between 0.5 and 7 Pa , s, and show
an increase with initial fibrinogen concentration. For all
concentrations, z decreases with increasing frequency.
The viscoelastic moduli after 1 h of network maturation
are plotted versus frequency for various initial fibrinogen
concentrations in Fig. 6. This plot shows the frequency
response of the networks and forms an overview of their
viscoelastic behavior.The elastic modulus is independent of frequency for
all initial fibrinogen concentrations, which follows from
the measurements and is described well by the model
(Fig. 6 A). The viscous modulus increases with frequency
to the power 0.4 5 0.2 (Fig. 6 B).DISCUSSION
The values found for the viscoelastic moduli and their rela-
tive contribution are in agreement with previous reportedBiophysical Journal 107(2) 504–513
AB
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FIGURE 5 Fitted model parameters as function of initial fibrinogen con-
centration. (A) Kinetic rate constant. (B) Fiber mass-length ratio after 1 h
mf,f with the values determined with turbidimetry (circles). (C) Friction co-
efficient z. Results are shown for networks formed at frequencies of 0.5 Hz
(squares), 1 Hz (diamonds), and 3 Hz (triangles). To see this figure in color,
go online.
A
B
FIGURE 6 Viscoelastic moduli after 1 h of network maturation versus
frequency. (A) Elastic modulus G0. (B) Viscous modulus G00. Results are
shown for initial fibrinogen concentrations of 1 mg/mL (squares), 3 mg/mL
(diamonds), and 6 mg/mL (triangles). Measured results (symbols) are
compared with model predictions in which the parameters are allowed to
vary with frequency and concentration (solid lines) or concentration only
(dashed lines). To see this figure in color, go online.
510 van Kempen et al.results (24,25). Close agreement is found between the model
and the experiments for both viscoelastic moduli and the
phase angle. The deviation is largest for the viscous
modulus, due to its relatively small contribution in the
objective function (Eq. 20) that is minimized during the
fitting procedure. This is a natural way of taking into ac-
count that the response of the fibrin networks is predomi-
nantly elastic, and assures that the total stress is described
well. Both moduli increase with initial fibrinogen concentra-
tion with a power-law behavior. The elastic modulus of the
matured networks is proportional to the concentration of the
power 2.6 5 0.3, close to the reported value of 2.3 under
similar experimental conditions (25). The theoretical model
used to estimate the shear modulus predicts an exponent of
2.5 for a densely cross-linked gel for which lc ¼ x (30), as
assumed here. This shows that this scaling law is applicable
to fibrin networks formed under these conditions. No trend
is observed with respect to the frequency of the oscillation
under which the networks form, although there is some vari-
ation for the networks of 1 mg/mL.
Three parameters are used to fit the model to the experi-
mental data, as discussed next.Rate constant kfg
The kinetic rate constant kfg determines the timescale of the
network maturation. It is known that the concentration of
thrombin and fibrinogen and their ratio have a large influ-
ence on the network formation kinetics and its mechanicalBiophysical Journal 107(2) 504–513properties (18,24,38,39). A possible influence of this effect
would lead to a change in the fitting parameter kfg as a func-
tion of the initial fibrinogen concentration. This is not
observed, although large variations are visible for the net-
works of 1 mg/mL fibrinogen. Similar results have been
found before (24).
The simple representation of the fibrin network kinetics
with a single time constant gives satisfying results, but is
easily replaced with a more sophisticated model if desired.
An extension could be to include the slow increase of stiff-
ness after the fibers have reached a constant radial size (16),
possibly caused by cross-linking due to factor XIII (24).
This increase is better visible when the data are plotted
with a logarithmic timescale (see Fig. S2 A). The results
in Fig. 3 are plotted with the moment at which the rheometer
experiment is started as t ¼ 0. However, in practice, the
network formation starts already at the moment when
thrombin is added to fibrinogen, after which it takes time
to transfer the sample to the rheometer and start the exper-
iment. To test the influence of this preparation time on the
timescale of the network maturation and the kinetic constant
kfg, the data are normalized and scaled (see Fig. S2 B). It is
found that neglecting the preparation time does not influ-
ence the value of the kinetic constant kfg.Mass-length ratio mf,f
The mass-length ratio of the fibers after 1 h of network
maturation, mf,f, is used as a fitting parameter and also
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FIGURE 7 Derived structural quantities versus initial fibrinogen con-
centration. Using the fiber mass-length ratio predicted by the model, the
number of protofibrils per fiber cross-section, N (A) and the fiber radius,
r (B) are derived. Results are shown for networks formed at frequencies
of 0.5 Hz (squares), 1 Hz (diamonds), and 3 Hz (triangles). (Circles) Values
determined with turbidimetry. To see this figure in color, go online.
Model for a Maturing Fibrin Network 511measured using turbidimetry. The experimental values are
between 2  1013 Da/cm and decrease to 4  1012 Da/cm
with increasing initial fibrinogen concentration (Fig. 5 B).
These values are in the same range as reported in the litera-
ture (13,38,40). and a similar trend has been observed
under comparable conditions (25). The model predicts
lower values, especially for the low concentrations. The
decreasing trend of the mass-length ratio with respect to
initial fibrinogen concentration is not observed in the values
found by the model. This can be explained by the fact that
the model implicitly imposes a shear modulus that is propor-
tional to the concentration of the power 2.5, as opposed to
the value of 2.6 that follows from the experiments.
The model accounts for this small discrepancy by adjust-
ing the mass-length ratio, because it is a fitting parameter
that is left free in the fitting procedure. Furthermore, this ac-
counts for simplifications that are made such as the influ-
ence of the protein concentrations on the fiber size (15)
and the relation between the bending stiffness of the proto-
fibril and fiber. Given these simplifications, the fitted and
experimentally determined values agree reasonably well.
Experimental techniques such as microscopy and turbidim-
etry can be used to obtain a more detailed relation between
the structural composition of the network and its mechanical
properties (16).
Themass-length ratio can be used to determine the number
of protofibrils per fiber cross-section,N, usingEq. 7. The fiber
radius is measured by turbidimetry but can also be estimated
using the mass-length ratio and the fiber mass density j (13),
r ¼
ﬃﬃﬃﬃﬃﬃﬃ
mf ;f
p j
r
: (22)
Values for N and r are shown in Fig. 7, where the fiber mass-
density is assumed to be constant at 0.28 g/cm3 (13).
The values for N based on the model results vary between
11 and 30 protofibrils, which is lower than the experimen-
tally determined values that vary between 30 and 120. These
results are qualitatively the same as the results of the mass-
length ratio. The fiber radius is determined in the turbidim-
etry experiments separately from the mass-length ratio. This
gives values at ~110 nm, independent of concentration,
which is lower than the values found by the model that
vary ~20 nm. Values found in the literature are in the
same range (15,25), where it should be taken into account
that the density, as used in Eq. 22, is dependent on the exper-
imental conditions (15).Drag coefficient z
The third free parameter in the model is the drag coefficient
z. The values of this parameter can be estimated by consid-
ering the fibers within the network as homogeneous cylin-
ders with length lc and radius r. For such a beam, the drag
coefficient is given by (41)z ¼ 4 p hf
logðlc=2rÞ: (23)This equation shows that the friction coefficient depends on
the length and radius of the fibers, which can be used to
explain the increase of the friction coefficient with respect
to initial fibrinogen concentration (Fig. 5 C). The mass-
length ratio depends weakly on the initial fibrinogen con-
centration. With an increasing initial fibrinogen concentra-
tion, this leads to an increased fiber length per unit
volume, r, as shown by Eq. 6, and hence a shorter fiber
length lc. This indicates that the fibers become less slender
when the fibrinogen concentration increases, and this leads
to an increase of the friction coefficient. Using the fiber
length and radius found before, this estimate gives values
between 5 and 7 mPa , s, which is up to 1000 times smaller
than the values found by the model. This can be explained
by the fact that the fibrin fibers are not homogeneous cylin-
ders, but are porous and contain 80% of solvent (13–15).
This suggests that internal friction plays a role that can in-
crease the drag coefficient dramatically (42). Also, the
intrinsic viscoelastic properties of fibers that have been
observed at larger strains (37) might play a role, and could
be used to enhance the estimation of the viscous properties.
The fitted parameters should be independent of frequency
because the frequency response is intrinsically determined
by the viscoelastic model. However, the drag coefficient z
decreases with increasing frequency. This can be explained
by the choice of the Kelvin-Voigt model, which prescribes aBiophysical Journal 107(2) 504–513
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The experimental results show a viscous modulus that scales
with the frequency to the power 0.4 (Fig. 4 B). Similar re-
sults have been found before for a broader frequency range
than probed in this study, for fibrin networks (25) and other
cross-linked polymers (43).
The result of this discrepancy is that the fitted friction
coefficients decrease with frequency. To further investigate
this, the model is fitted to the experimental data with the
parameters forced to be independent of frequency and hence
a viscous modulus that is proportional to the frequency. This
gives a parameter set for each initial fibrinogen concentra-
tion that holds for all frequencies. The results of this fit
are shown in Fig. 6 as dashed lines. The viscous modulus
G00 is proportional to the frequency as prescribed by the
Kelvin-Voigt model but the values of both viscoelastic
moduli deviate more from the experimental results, espe-
cially G00. This shows that a possible improvement of the
viscoelastic model would be to model the frequency depen-
dency of the viscous modulus in more detail. However, this
requires additional viscoelastic modes, which increases the
complexity of the model significantly (44). Given the fact
that the fibrin networks are predominantly elastic over a
broad frequency range (25), and in view of the intended
application of the model in advanced numerical simulations,
this is therefore not considered as a relevant improvement.
The fibrin networks described in this study are ligated due
to the presence of factor XIII. The creation of cross-links
leads to networks that have an increased storage and
decreased viscous modulus (7,24,36). Furthermore, the cre-
ation of cross-links increases the stiffness of the networks
over the timescale of hours (24). Although the presence of
factor XIII is not taken into account explicitly, the model
developed in this study is suitable for describing these
ligated fibrin networks. It is possible to include the influence
of ligation by making the elastic and viscous contribution a
function of the presence of factor XIII. Also, a second time-
scale could be included in the fibrin network formation
kinetics to describe the slow increase of stiffness due to
cross-linking. However, in this situation the model is aimed
at describing the normal physiological condition in which
factor XIII is present.
Fig. 6 shows that the elastic modulus is independent of fre-
quency, which is typical for an elasticmaterial. Together with
the low values of the phase angle this shows that the mature
fibrin network can be considered as an elastic material. How-
ever, during the network formation a transition takes place
from viscous to elastic behavior, indicated by the gel point.
The gel point occurs relatively early in the process of network
formation (16), but cannot be determined from the measure-
ments presented here, due to the experimental limitations in
the detection level of the torque. The model describes the
behavior of the maturing fibrin network that occurs after
the gel point. This is considered the most relevant phase in
view of the physiological application of the model.Biophysical Journal 107(2) 504–513CONCLUSIONS
A constitutive model for the maturing fibrin network has
been presented. The growth of the network is modeled as
the strengthening of an existing network without taking
explicitly into account the formation of the network.
Although the Kelvin-Voigt model is relatively simple, it is
able to describe the viscoelastic properties of the fibrin
network by relating the shear modulus and viscosity to its
structural properties. Three parameters are used to fit the
model to the results of rheometry experiments. Given the
simplifying assumptions that are made, the parameters
have acceptable values. The mass-length ratio of the fibers,
as predicted by the model, is used to derive the number of
protofibrils per cross-section and the fiber radius; this gives
good results. The value of the model is that it describes the
viscoelastic properties of the maturing fibrin network based
on its structural properties.SUPPORTING MATERIAL
Two figures, one table, and two equations, are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(14)00599-2.REFERENCES
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